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Abstract
Aim: The goal of the present longitudinal cohort study was to examine patterns of 
periodontal disease progression at progressing sites and subjects defined based on 
linear mixed models (LMM) of clinical attachment loss (CAL).
Materials and Methods: A total of 113 periodontally healthy and 302 periodontitis 
subjects had their CAL calculated bimonthly for 12 months. LMMs were fitted for 
each site and the predicted CAL levels used to categorize their progression state. 
Participants were grouped based on the number of progressing sites into unchanged, 
transitional and active subjects. Patterns of periodontal disease progression were ex-
plored using descriptive statistics.
Results: Progression occurred primarily at molars (50% of progressing sites) and inter- 
proximal sites (72%), affected a higher proportion of deep than shallow sites (2.7% 
versus 0.7%), and pocketing was the main mode of progression (49%). We found a low 
level of agreement (47%) between the LMM and traditional approaches to determine 
progression	such	as	change	in	CAL	≥3	mm.	Fourteen	per	cent	of	subjects	were	classi-
fied as active and among those 93% had periodontitis. The annual mean rate of pro-
gression for the active subjects was 0.35 mm/year.
Conclusion: Progressing sites and subjects defined based on LMMs presented pat-
terns of disease progression similar to those previously reported in the literature.
K E Y W O R D S
clinical attachment loss, disease progression, linear mixed models, periodontal disease
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1  | INTRODUCTION
Our understanding of periodontal disease progression comes from 
longitudinal studies examining the natural history of this condition. 
Longitudinal periodontal monitoring of untreated populations and 
subjects with access to different levels of oral care revealed common 
patterns of disease progression (Baelum, Luan, Chen, & Fejerskov, 
1997; Goodson, Tanner, Haffajee, Sornberger, & Socransky, 1982; 
Haffajee & Socransky, 1986; Heitz- Mayfield et al., 2003; Ismail, 
Morrison, Burt, Caffesse, & Kavanagh, 1990; Lindhe, Haffajee, & 
Socransky, 1983; Lindhe, Okamoto, Yoneyama, Haffajee, & Socransky, 
1989a; Loe, Anerud, Boysen, & Morrison, 1986; Loe, Anerud, Boysen, 
& Smith, 1978a,b,c; Machtei et al., 1997; Millen et al., 2014; Schatzle 
et al., 2003; Socransky, Haffajee, Goodson, & Lindhe, 1984). Although 
annual mean rates of progression varied greatly, the picture that 
emerges is of a slow progressing disease, with significant progression 
being a sporadic event and the majority of progressing sites concen-
trating on a relatively small number of subjects (Baelum et al., 1997; 
Lindhe et al., 1983; Schatzle et al., 2003). Although loss of attachment 
can affect any tooth and site in the mouth, periodontal disease pro-
gression seems to occur primarily in pre- molars and molars (Schatzle 
et al., 2003; Thomson, Broadbent, Poulton, & Beck, 2006). Younger 
individuals seem to express loss of attachment through gingival re-
cession, while pocketing becomes the main mode of disease progres-
sion as subjects get older (Schatzle et al., 2003). Pockets also seem 
to develop preferentially at interproximal sites, while the midbuccal 
and midlingual sites experience tissue destruction mainly through re-
cession (Schatzle et al., 2003; Thomson et al., 2006). A tendency for 
the incidence of progression to increase with age has also been re-
ported (Haffajee et al., 1991; Lindhe et al., 1989a), although this was 
not always the case (Baelum et al., 1997). Disease activity seems to 
affect a higher proportion of sites previously exposed to loss of attach-
ment. However, because of the larger number of shallow sites in most 
subjects, progression affects a much higher number of sites without 
previous loss of attachment (Lindhe, Okamoto, Yoneyama, Haffajee, & 
Socransky, 1989b; Thomson et al., 2006).
The vast majority of the literature reporting on periodontal dis-
ease progression has relied on pairs of visits to determine changes 
in clinical attachment loss (CAL). Disease progression was then de-
fined based on increases in CAL above certain thresholds to account 
for “error” in these measurements (Aeppli, Boen, & Bandt, 1985; 
Beck, Koch, & Offenbacher, 1994; Deas, Pasquali, Yuan, & Kornman, 
1991; Goodson et al., 1982; Haffajee, Socransky, & Goodson, 
1983b; Jeffcoat & Reddy, 1991; Lindhe et al., 1983). Even when 
measurements were obtained over several time points, reversals 
in CAL were, for the most, ignored (Lindhe et al., 1989a). Because 
of the uncertainties associated with a diagnosis of periodontal dis-
ease activity defined based on a single pair of measurements of CAL 
(Corraini, Baelum, & Lopez, 2013; Tonetti & Claffey, 2005), it is pos-
sible that the patterns of disease progression previously reported 
were somewhat inaccurate. We have recently reported on the use 
of linear mixed models (LMM) to classify periodontal sites accord-
ing to changes in CAL over 12 months into different categories of 
disease progression (Teles et al., 2016). We proposed that the cat-
egories of periodontal disease progression based on LMMs of CAL 
overcome several of the limitations from previous methodologies. 
A higher level of accuracy in designating a site as having undergone 
disease progression is paramount for the description of patterns of 
periodontal disease progression.
The data presented here were obtained from an ongoing study 
to search for biomarkers of periodontal disease progression. As the 
previous report on the LMM approach to define disease progression, 
we have completed the clinical study, and 427 participants were mon-
itored for disease progression for 12 months. The goal of the present 
report was to describe the patterns of periodontal disease progression 
in this population, using the LMM approach to identify progressing 
sites and subjects. This is the largest number of subjects ever followed 
for 12 months without treatment with bimonthly monitoring visits, 
allowing for a robust characterization of the patterns of periodontal 
disease progression.
2  | MATERIALS AND METHODS
2.1 | Study design
The data were obtained as part of a prospective multicentre clini-
cal study on biomarkers of periodontal disease progression (Teles 
et al., 2016). Participants were recruited between January 2012 
and December 2014 at four clinical centres in the United States: 
The Forsyth Institute (Cambridge, MA), New York University 
College of Dentistry (New York, NY), the University at Buffalo, 
State University of New York (Buffalo, NY) and Southern Illinois 
University School of Dental Medicine (Alton, IL). Calibrated clini-
cians examined participants bimonthly for 12 months to monitor 
changes in CAL measurements and determine disease progression. 
The Institutional Review Board from each centre approved the 
study prior to its initiation.
Clinical Relevance
Scientific rationale for the study: Studies exploring patterns of 
periodontal disease progression in the literature relied on a 
limited number of visits for monitoring and on pairs of clinical 
attachment loss (CAL) measurements to define progression.
Principal findings: The use of linear mixed models had a poor 
agreement with traditional approaches to define disease 
progression using thresholds of changes in CAL calculated 
using a pair of visits. However, patterns of disease progres-
sion were quite similar to those previously reported in the 
literature.
Practical implications: Robust methods to define disease pro-
gression might result in more accurate assessments of the 
diagnostic and prognostic properties of clinical parameters 
and biomarkers.
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2.2 | Study population
2.2.1 | Inclusion and exclusion criteria
The	study	had	the	following	inclusion	criteria:	age	≥25	years;	willing-
ness	to	comply	with	study	protocol;	≥20	natural	teeth,	excluding	third	
molars;	≥12	of	these	teeth	had	to	be	pre-	molars,	first	or	second	mo-
lars. Periodontitis subjects were stratified into mild periodontal loss 
and severe periodontal loss. Participants with severe periodontal loss 
had at least eight separate teeth with at least one site of pocket depth 
(PD)	≥5	mm	and	concomitant	CAL	≥3	mm.	Participants	with	mild	peri-
odontal	loss	had	at	least	four	teeth	with	at	least	one	site	of	PD	≥5	mm	
and	concomitant	CAL	≥2	mm.	Periodontitis	subjects	also	had	to	pre-
sent radiographic evidence of alveolar bone loss around at least two 
of the affected teeth. Periodontally healthy subjects met the following 
criteria: no radiographic evidence of alveolar bone loss, and all the 
teeth	either	had	PD	of	≤3	mm,	 irrespective	of	the	attachment	 level;	
PD	≥4	mm	with	no	CAL	(except	for	the	distal	of	the	second	molars);	or,	
for	distal	of	second	molars,	PD	=	4	mm	with	concomitant	CAL	≤2	mm.
Exclusion criteria were as follows: presence of orthodontic appli-
ances; presence of intra- oral lesions at the time of screening; gross 
tooth decay; root fragments, pericoronitis, endo- perio lesions or other 
dental abscesses; pregnancy or lactation; requirement for prophylactic 
antibiotics for dental procedures; periodontal or systemic antibiotic 
therapy in the previous 6 months; the use of tobacco products within 
1 year before the screening visit; any medical condition that might in-
fluence the course of periodontal disease or treatment; chronic use 
of non- steroidal anti- inflammatory drugs; the use of chronic systemic 
immunosuppressive agents; hypersensitivity to tetracyclines; and par-
ticipation in a clinical study within the last 30 days. Only participants 
who had attended both the baseline and 12- month monitoring visit 
and had the same examiner throughout the monitoring phase were 
included. Participants were allowed to have only one missing visit. 
Further details can be obtained at ClinicalTrials.gov (https://clinicaltri-
als.gov/ct2/home) under the identifier NCT01489839.
2.2.2 | Clinical examination
Participants had periodontal parameters measured at up to 168 sites 
per subject (six sites per tooth—mesiobuccal, buccal, distobuccal, 
mesiolingual, lingual and distolingual—for up to 28 teeth excluding 
third molars) including: probing depth (PD); measurement of distance 
from the cementoenamel junction (CEJ) to the free gingival margin (B 
measure) (in case of recession, a negative value was assigned); CAL 
(calculated by subtracting the B measure from the PD); presence or 
absence of plaque, gingival redness, BOP and suppuration. PD and 
the B measure were measured using calibrated North Carolina manual 
periodontal probes (PCPUNC 15 Hu- Friedy Co, Chicago, IL), rounding 
down to the nearest millimetre. At pre- molars, and at the first and sec-
ond molars, PD and the B measure were measured twice. CAL was cal-
culated for each pass by the electronic data capturing (EDC) system. 
If	the	difference	between	the	two	measurements	was	≥2	mm,	the	ex-
aminer was prompted by the EDC to obtain PD and the B measure a 
third time. The median CAL among the two or three passes was used 
for analysis.
2.2.3 | Rescue therapy
Subjects	with	≥6	sites	with	cumulative	loss	of	attachment	≥2	mm	from	
baseline during monitoring phase had their monitoring interrupted, 
and	proceeded	 to	 treatment.	 Participants	 displaying	≥4	mm	of	CAL	
increase at a given site received periodontal rescue therapy at such 
sites and continued with monitoring. After the monitoring phase, peri-
odontally healthy subjects received professional dental prophylaxis 
and exited the study, whereas participants with periodontal disease 
received non- surgical mechanical periodontal therapy.
2.2.4 | Subjects and sites included in analyses
All participants who completed the 12- month monitoring phase, at-
tended at least six of seven monitoring visits, and were examined 
by the same examiner in all such visits, had their data analysed. 
Participants that had their monitoring interrupted due to rescue ther-
apy were excluded. If a subject received rescue therapy in some but 
not all sites, data for such sites were removed from the analysis, and 
the subject was otherwise retained in the analysis for any remaining 
sites.
2.3 | Linear mixed models
We applied LMM to predict subject- specific trends in CAL for each 
site and from which classifications of progression and regression were 
made, as previously described (Teles et al., 2016). Briefly, for each 
of the 168 tooth sites, a separate linear mixed effects model with a 
cubic polynomial for time (months) was fitted to quantify the course 
of progression within individuals. For additional details on the LMM 
employed, refer to Teles et al., 2016 and the Supporting Information.
We then developed a threshold for progression empirically based 
on the prediction standard errors from a second series of LMM (again, 
one per site) fitted to ΔCALit, which is the change in CAL value from 
baseline to time=t (for t = 2, 4, 6, 8, 10 or 12 months) for subject i. 
These models are identical to the models described above, except that 
the outcome is ΔCALij. The threshold for change was based on the 
75th percentile of the distribution of the standard errors for subject- 
specific predicted ΔCALij. Sites were then classified as progress-
ing based on the predictions from the first series of LMM using the 
threshold established from the second series. We grouped sites based 
on changes in pCAL (ΔpCAL) into: (i) regressing sites (ΔpCAL	<	−2Q75); 
(ii)	 stable	 sites	 (−2Q75	≤	ΔpCAL	 ≤2Q75); (iii) intermediate sites 
(2Q75 < ΔpCAL	<	4Q75); and (iv) progressing sites (ΔpCAL	≥	4Q75) (see 
Teles et al., 2016 for additional details).
2.4 | Data analyses
All descriptive statistics, including mean periodontal clinical param-
eters and demographics, were computed using SAS® software, and 
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there was no imputation of missing data points. Mean periodontal 
clinical parameters were calculated for each subject and then across 
subjects in each clinical category separately for baseline and 12- 
month data. The mean change in CAL from baseline to 12 months was 
computed to estimate the “annual mean rate of progression.” Subjects 
were also grouped into categories of progression such as unchanged 
(0	progressing	sites),	transitional	(1–2	progressing	sites)	and	active	(≥3	
progressing sites). Statistical significance of differences in the num-
ber of subjects in the three categories of progression across clinical 
groups (i.e., Healthy, Mild periodontal loss and Severe periodontal 
loss) was tested using the chi- square test. This analysis was also con-
ducted grouping subjects based on CDC/AAP case definitions (Page 
& Eke 2007; Eke et al. 2012). Mean clinical parameters were then cal-
culated for subjects in the three progression categories for baseline 
and 12- month data, including the “annual mean rate of progression.” 
Significance of statistical differences across progression categories 
was determined using ANOVA. For certain analyses, periodontally 
healthy subjects were excluded from the progression categories. The 
mode of disease progression (i.e., pocketing, recession or both) was 
determined based on changes in PD and B measure from baseline to 
12 months.
3  | RESULTS
Of the 526 participants who attended a baseline visit, 53 subjects 
discontinued their participation after baseline due to different rea-
sons, while 46 subjects had their monitoring interrupted due to res-
cue therapy (Figure 1). From the 427 participants who completed 
the 12- month monitoring, 12 were excluded because of a change in 
examiner or because they attended less than six monitoring visits, 
resulting in 415 participants in the final analysis. Among these par-
ticipants, 62 sites were excluded due to rescue therapy for a final 
number of 66,193 sites included in analyses. Periodontally healthy 
subjects tended to be younger, more likely to be female, and to have 
fewer missing teeth than subjects with mild or severe periodontal loss 
(Table 1). One can also observe that subjects in the healthy category 
presented less plaque, gingival redness, BOP and suppuration than the 
periodontitis groups. However, subjects classified as “periodontally 
healthy” were not necessarily periodontally intact and had an average 
CAL of 1.1 mm.
3.1 | Safety summary
During the study, there were no unanticipated problems or serious ad-
verse events reported. Of 526 subjects who attended a baseline visit, 
124 subjects required rescue therapy at the tooth site level but were 
able to remain in the monitoring phase of the study. Fifty- nine sub-
jects transitioned to the treatment and maintenance phase to receive 
periodontal therapy based on the rescue therapy criteria for the study. 
Twenty- eight teeth had to be extracted during the monitoring phase 
of the study. Reasons for extractions included the following: pain (five 
teeth); dental caries (eight teeth); fracture (eight teeth); endodontic 
abscess (one tooth); third molar extraction (two teeth); periodontal 
reasons (two teeth); and undetermined causes (two teeth).
3.2 | LMM for changes in CAL measurements
From the LMM for changes in CAL, the 75th percentile for the stand-
ard errors of prediction was 0.242. Thus, the cut point for intermedi-
ate sites was selected as 0.474 mm, while the cut point for progressing 
sites was set at 0.948 mm.
Of 66,193 sites examined, 86.2% were classified as stable, and 
only 482 (0.7%) were classified as progressing based on the results 
from the LMMs (Table 2). Subjects with severe periodontal loss had 
three times higher proportion of progressing sites compared to peri-
odontally healthy subjects. Fifty- eight per cent of the regressing sites 
were present in the severe periodontal loss group. At the subject level, 
44% of participants presented at least one progressing site. Among 
periodontally healthy subjects, 22% had at least one progressing site 
compared to 53% for periodontitis subjects.
By computing the proportions of progressing sites across differ-
ent tooth positions in the arch, it became apparent that the majority 
of progressing sites were located in the posterior sextants (i.e., pre- 
molars and molars) (Figure 2). Regarding site positions around the 
F IGURE  1 Flow chart of subject recruitment for the study: 2,526 
subjects were telephone screened for this study; 1,065 subjects 
were enrolled (consented) in the study; 549 enrolled subjects were 
deemed eligible for the study after clinical screening; and 526 
subjects attended a baseline visit. Of those, 53 discontinued due to 
different reasons, 46 subjects were moved to the treatment phase 
due to rescue therapy, and 427 subjects completed their 12- month 
visit. Twelve of these individuals were excluded due to change in the 
examiner during the monitoring phase, resulting in 415 subjects (113 
periodontally healthy; 144 with mild periodontal loss and 158 with 
severe periodontal loss)
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TABLE  1 Demographic and clinical parameters of study subjects in the three clinical categories: periodontally healthy subjects, subjects with 
mild periodontal loss and subjects with severe periodontal loss at baseline and 12 months
Clinical Groups
TotalHealthy Mild Severe
Parameters
No. of Subjects (%) 113 (27) 144 (35) 158 (38) 415 (100)
No. of Sites (%) 18,501 (28) 22,766 (34) 24,926 (38) 66,193 (100)
No. of Male/female 29/84 59/85 71/87 159/256
Age (years; mean ± SD) 37 ± 12 52 ± 12 50 ± 12 47 ± 13
No. of AA/C/Other/ND 22/65/24/2 26/94/14/10 58/85/10/5 106/244/48/17
No. of missing teeth (mean ± SD) 0.7 ± 1.3 1.6 ± 1.5 1.6 ± 1.7 1.3 ± 1.6
Baseline data
PD (mm; mean ± SD) 1.7 ± 0.3 2.3 ± 0.3 2.8 ± 0.5 2.3 ± 0.6
CAL (mm; mean ± SD) 1.1 ± 0.5 2.1 ± 0.5 2.5 ± 0.7 2.0 ± 0.8
Percentage of sites per subject with
Plaque (mean ± SD) 51 ± 24 65 ± 21 72 ± 21 64 ± 23
Gingival redness (mean ± SD) 26 ± 22 51 ± 25 65 ± 24 49 ± 28
Bleeding on probing (mean ± SD) 20 ± 20 37 ± 20 54 ± 24 39 ± 25
Suppuration (mean ± SD) 0.02 ± 0.14 0.02 ± 0.11 0.17 ± 0.59 0.08 ± 0.38
No. of sites/subject
CAL	<4	mm	(Median,	IQR) 168 (162–168) 143 (129–154) 128 (107–145) 142 (126–158)
CAL	4–6	mm	(Median,	IQR) 0 (0–0) 14 (7–21) 28 (17–39) 16 (1–29)
CAL	>6	mm	(Median,	IQR) 0 (0–0) 0 (0–2) 1 (0–5) 0 (0–1)
No. of sites/subject
PD	<4	mm	(Median,	IQR) 168 (152–168) 141 (132–149) 123 (105–139) 144 (124–159)
PD	4–6	mm	(Median,	IQR) 0 (0–0) 16 (12–23) 34 (22–44) 14 (2–30)
PD	>6	mm	(Median,	IQR) 0 (0–0) 0 (0–1) 1 (0–5) 0 (0–1)
12- month data
PD (mm; mean ± SD) 1.8 ± 0.3 2.4 ± 0.3 2.8 ± 0.5 2.4 ± 0.6
CAL (mm; mean ± SD) 1.2 ± 0.5 2.1 ± 0.6 2.5 ± 0.7 2.0 ± 0.8
Percentage of sites per subject with
Plaque (mean ± SD) 51 ± 27 64 ± 27 71 ± 25 63 ± 27
Gingival redness (mean ± SD) 32 ± 22 53 ± 26 67 ± 25 53 ± 29
Bleeding on probing (mean ± SD) 20 ± 20 35 ± 20 51 ± 25 37 ± 25
Suppuration (mean ± SD) 0.03 ± 0.14 0.04 ± 0.19 0.13 ± 0.44 0.07 ± 0.30
No. of sites/subject
CAL	<4	mm	(Median,	IQR) 168 (160–168) 144 (128–155) 127 (109–146) 146 (124–162)
CAL	4–6	mm	(Median,	IQR) 0 (0–0) 12 (5–25) 24 (13–38) 11 (0–27)
CAL	>6	mm	(Median,	IQR) 0 (0–0) 0 (0–1) 1 (0–5) 0 (0–1)
No. of sites/subject
PD	<4	mm	(Median,	IQR) 166 (159–168) 142 (131–150) 124 (105–139) 144 (124–159)
PD	4–6	mm	(Median,	IQR) 0 (0–2) 15 (8–23) 31 (18–44) 14 (2–30)
PD	>6	mm	(Median,	IQR) 0 (0–0) 0 (0–1) 1 (0–4) 0 (0–1)
Delta observed CAL (mm; mean ± SD) 0.11 ± 0.29 0.03 ± 0.40 −0.03	±	0.39 0.03 ± 0.37
Delta predicted CAL (mm; mean ± SD) 0.12 ± 0.14 0.03 ± 0.17 −0.01	±	0.17 0.04 ± 0.17
AA,	African	American;	C,	Caucasian;	ND,	Not	disclosed;	PD,	probing	depth;	CAL,	clinical	attachment	loss;	IQR,	inter-	quartile	range.
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tooth, progression occurred more often at the mesiobuccal and dis-
tobuccal sites and least often at the midbuccal site (Table 3). When 
the distribution of progressing sites across different baseline PDs was 
calculated, one could observe that, although deep sites had a higher 
proportion of progressing sites (2.7% compared to 0.7% for shallow 
sites), progression affected a higher number of originally shallow sites 
(Table 4).
Pocketing was the main mechanism for disease progression, ac-
counting for 48.7% of all progressing sites. Pure recession involved 
21.7% of progressing sites, a combination of pocketing and recession 
affected 27.8%, while 1.2% of the progressing sites did not change in 
either PD or CAL from baseline to 12 months. Overall, periodontally 
healthy subjects had a higher proportion of sites progressing through 
recession (32%), compared to the mild periodontal loss (17%) and se-
vere periodontal loss (22%) groups. When we examined the distribu-
tion of these three modes of loss of attachment across sites around 
the tooth, pure pocketing occurred mainly at interproximal sites. At 
the midbuccal site, disease progression occurred primarily through re-
cession or a combination of pocketing and recession (Table S1).
We compared our categories of progression at the site level 
with traditional definitions of progression based on changes in CAL 
greater or equal to 2 or 3 mm. Only 257 sites (0.4%) had a change 
in CAL equal to or greater than 3 mm from baseline to 12 months, 
compared to 482 by LMM. Of those, only 47% were classified as 
progressing based on the LMM, 44% as intermediate and 8% as 
stable. One thousand eight hundred and ninety- six sites (2.9%) 
had a CAL change greater than or equal to 2 mm over 12 months. 
Nineteen per cent of these sites were classified as progressing, 54% 
as intermediate and 27% as stable.
We computed the distribution of participants into three catego-
ries of progression based on the number of progressing sites across 
clinical groups, defined based on our case definitions and the AAP/
CDC case definitions. Results indicated that there was an statistically 
significantly higher proportion of active subjects in the periodontitis 
groups compared to healthy subjects, irrespective of the case defini-
tion used (Table 5).
The three categories of progressing subjects had comparable 
mean age, demographic parameters and number of missing teeth at 
baseline (Table S2). However, there were statistically significant dif-
ferences in most clinical parameters, with the exception of suppu-
ration. When clinical parameters were compared across progression 
categories after the exclusion of periodontally healthy subjects, the 
majority of statistically significant differences disappeared (Table 5). 
However, the 12- month data revealed that most clinical parameters 
in the active group worsened during monitoring (Table 6). For in-
stance,	the	change	in	mean	number	of	sites	with	PD	≥4	mm	was	5.4	
for	the	active	group	compared	to	0.1	and	−6.6	for	the	transitional	
and unchanged groups, respectively. This resulted in statistically sig-
nificant differences in most clinical parameters across categories of 
progression.
4  | DISCUSSION
The findings reported here were based on the largest cohort of subjects 
to be monitored for periodontal disease progression without therapy 
thus far. We used LMM of repeated measures of CAL to compensate 
TABLE  2 Number and percentage of sites (in parenthesis) for each of the four categories of progression from baseline to month 12, with 
classifications based on linear mixed model predictions of CAL stratified in the three clinical groups
Clinical Groups
Progression category
TotalRegressing Stable Intermediate Progressing
Healthy (N = 113) 279 (0.4%) 16,728 (25.3%) 1,444 (2.2%) 50 (0.1%) 18,501 (28.0%)
Mild PD (N = 144) 1,393 (2.1%) 19,592 (29.6%) 1,580 (2.4%) 214 (0.3%) 22,779 (34.4%)
Severe PD 
(N = 158)
2,315 (3.5%) 20,717 (31.3%) 1,663 (2.5%) 218 (0.3%) 24,913 (37.6%)
Total (N = 415) 3,987 (6.0%) 57,037 (86.2%) 4,687 (7.1%) 482 (0.7%) 66,193 (100%)
F IGURE  2 Stack bar graph of frequency of occurrence of sites 
in different categories of progression: regressing (blue bars), stable 
(purple bars), intermediate (orange bars) and progressing (red bars) 
at different tooth positions in the upper and lower arches. Numbers 
correspond to different teeth in a quadrant, based on the FDI World 
Dental Federation notation
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for the high variability in this clinical parameter and achieve a more 
accurate diagnosis of disease progression (Teles et al., 2016). In the 
current study, we demonstrated that certain patterns of periodontal 
disease progression previously reported were also identifiable using 
this novel approach. For instance, advanced progression concentrated 
in a relatively small number of subjects, progression was a rare event, 
progression occurred primarily at interproximal sites, progression af-
fected mainly molars, progression at interproximal surfaces occurred 
mainly through pocketing, while midbuccal sites had a higher preva-
lence of recession, and sites with deeper pockets tended to display a 
higher proportion of disease progression (Albandar, Rise, Gjermo, & 
Johansen, 1986; Baelum et al., 1997; Haffajee, Socransky, & Goodson, 
1983a; Ismail et al., 1990; Lindhe et al., 1989a; Loe et al., 1986; 
Papapanou, Wennstrom, & Grondahl, 1989; Schatzle et al., 2003).
Although the prevalence of progression was higher at sites with 
baseline PD >6 mm (2.7%) than at sites with PD <4 mm (0.7%), the 
number of shallow sites progressing (N = 387) was much higher than 
for deeper sites (N = 15), a finding in accord with others (Lindhe et al., 
1989b; Thomson et al., 2006). This observation reaffirms the need for 
clinicians to focus of the disease process that afflicts their patients, 
rather than on the sequelae of this process (i.e., deep pockets). The 
burden in terms of treatment needs imposed by disease progression is 
primarily the consequence of new diseased sites, rather than progres-
sion on previously affected sites.
Despite our best efforts to address hopeless teeth prior to en-
rolment, and a series of safety rules that triggered rescue therapy of 
monitored teeth and/or subjects, 28 teeth were lost during the mon-
itoring phase of the study. In addition, 24% of participants required 
rescue therapy due to having at least one site with an increase in CAL 
greater than 3 mm. Most extractions were associated with dental 
caries, fracture or pain associated with pulp pathology, and only two 
teeth were extracted due to deterioration of the periodontal condi-
tion. Although the number of teeth lost during the study was greater 
than desirable, the mean annual incidence of tooth loss per periodon-
titis subject (0.08/year) was similar to reports in the literature for sub-
jects under periodontal maintenance (Checchi, Montevecchi, Gatto, 
& Trombelli, 2002; Teles, Patel, Socransky, & Haffajee, 2008; Wood, 
Greco, & McFall, 1989). That indicates that the tooth loss observed in 
our population of untreated subjects, compared favourably to studies 
on periodontitis patients receiving maintenance. This suggests that 
despite the lack of therapy, our participants were not exposed to an 
undue risk for tooth loss.
We calculated CAL based on measurements of PD and the dis-
tance from the cementoenamel junction (CEJ) to the free gingival 
margin. Although this method has been employed extensively in the 
periodontal literature, including large epidemiological surveys such 
as the National Health and Nutrition Examination Survey (NHANES) 
(Eke et al., 2015), some have argued that indirect measures of CAL 
can add to error because it requires two separate measurements 
(Corraini et al., 2013). However, direct measures of clinical CAL 
TABLE  3 Number and percentage of sites (in parenthesis) for each of the four categories of progression at each site position around the 
tooth
Progression category
Site position
MB B DB DL L ML
Regression 680 (6%) 821 (7%) 805 (7%) 634 (6%) 478 (4%) 569 (5%)
Stable 9,282 (84%) 9,458 (86%) 9,310 (84%) 9,592 (87%) 9,876 (89%) 9,519 (86%)
Intermediate 973 (9%) 704 (6%) 819 (7%) 712 (6%) 616 (6%) 863 (8%)
Progression 102 (0.9%) 64 (0.6%) 97 (0.9%) 77 (0.7%) 68 (0.6%) 74 (0.7%)
MB, mesiobuccal; B, midbuccal; DB, distobuccal; DL, distolingual; L, midlingual; ML, mesiolingual.
Baseline PD
Progression category
Regressing Stable Intermediate Progressing
<4 mm 2,359 (4%) 50,701 (88%) 4,160 (7.2%) 387 (0.7%)
4–6 mm 1,447 (18%) 6,010 (75%) 492 (6%) 80 (1.0%)
>6 mm 181 (33%) 326 (58%) 35 (6%) 15 (2.7%)
TABLE  4 Number and percentage of 
sites (in parenthesis) for each of the four 
categories of progression stratified 
according to baseline pocket depth 
category
TABLE  5 Number and percentage of subjects (in parenthesis) for 
each of the three categories of progression stratified according to 
clinical groups based of ours and the CDC/AAP case definitions
Unchanged Transitional Active*
PD CLASS
Healthy 88 (78%) 17 (15%) 8 (7%)
Mild 69 (48%) 47 (33%) 28 (19%)
Severe 74 (47%) 48 (30%) 36 (23%)
CDC/AAP
Healthy 96 (77%) 18 (14%) 11 (9%)
Mild/moderate 84 (53%) 51 (32%) 24 (15%)
Severe 51 (39%) 43 (33%) 37 (28%)
*p < .0001 based on chi- square test.
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TABLE  6 Clinical parameters of periodontitis subjects in the three categories of progression: unchanged (no progressing sites), transitional 
(subjects with 1–2 progressing sites), and active (subjects with three or more progressing sites) at baseline and 12 months
Progression group
Total
ANOVA 
p- valueUnchanged Transitional Active
Parameter
No. of subjects (%) 143 (47) 106 (35) 53 (18) 302 (100)
No. of sites (%) 22,666 (47) 16,661 (35) 8,387 (18) 47,714 (100)
No. of missing teeth 
(mean ± SD)
1.5 ± 1.5 1.7 ± 1.8 1.5 ± 1.5 1.6 ± 1.6 .73
Baseline data
PD (mm; mean ± SD) 2.6 ± 0.5 2.6 ± 0.4 2.6 ± 0.5 2.6 ± 0.5 .82
CAL (mm; mean ± SD) 2.3 ± 0.7 2.3 ± 0.7 2.4 ± 0.7 2.3 ± 0.7 .67
Percentage of sites per subject with
Plaque (mean ± SD) 67 ± 21 66 ± 23 77 ± 16 68 ± 21 .006
Gingival redness (mean ± SD) 57 ± 25 57 ± 26 63 ± 24 58 ± 25 .27
Bleeding on probing 
(mean ± SD)
46 ± 24 45 ± 22 48 ± 26 46 ± 24 .78
Suppuration (mean ± SD) 0.11 ± 0.52 0.08 ± 0.27 0.10 ± 0.46 0.10 ± 0.45 .81
No. of sites/subject
CAL	<4	mm	(Median,	IQR) 140 (123–153) 135 (118–147) 129 (116–147) 137 (119–150) .26
CAL	4–6	mm	(Median,	IQR) 17 (8–32) 22 (12–33) 22 (12–33) 20 (11–33) .43
CAL	>6	mm	(Median,	IQR) 0 (0–2) 1 (0–3) 1 (0–6) 0 (0–3) .08
No. of sites/subject
PD	<4	mm	(Median,	IQR) 135 (121–147) 133 (117–142) 132 (115–145) 134 (118–146) .89
PD	4–6	mm	(Median,	IQR) 22 (15–35) 24 (15–35) 21 (16–37) 23 (15–35) .90
PD	>6	mm	(Median,	IQR) 0 (0–1) 0 (0–3) 0 (0–4) 0 (0–2) .08
12- month data
PD (mm; mean ± SD) 2.5 ± 0.4 2.6 ± 0.4 2.8 ± 0.5 2.6 ± 0.5 <.0001
CAL (mm; mean ± SD) 2.1 ± 0.6 2.4 ± 0.7 2.7 ± 0.7 2.3 ± 0.7 <.0001
Percentage of sites per subject with
Plaque (mean ± SD) 70 ± 27 62 ± 25 72 ± 22 68 ± 26 .03
Gingival redness (mean ± SD) 64 ± 28 55 ± 24 63 ± 25 61 ± 27 .04
Bleeding on probing 
(mean ± SD)
43 ± 25 41 ± 21 49 ± 26 43 ± 24 .21
Suppuration (mean ± SD) 0.03 ± 0.19 0.13 ± 0.37 0.18 ± 0.55 0.09 ± 0.35 .81
No. of sites/subject
CAL	<4	mm	(Median,	IQR) 147 (129–158) 134 (118–146) 118 (103–131) 137 (118–151) <.0001
CAL	4–6	mm	(Median,	IQR) 11 (3–23) 23 (13–33) 32 (17–44) 19 (7–32) <.0001
CAL	>6	mm	(Median,	IQR) 0 (0–1) 0 (0–4) 2 (0–5) 0 (0–3) <.0001
No. of sites/subject
PD	<4	mm	(Median,	IQR) 140 (123–151) 133 (114–144) 121 (101–134) 134 (116–148) <.0001
PD	4–6	mm	(Median,	IQR) 17 80–34) 23 (14–36) 30 (18–46) 21 (12–38) .0005
PD	>6	mm	(Median,	IQR) 0 (0–1) 1 (0–3) 1 (0–5) 0 (0–2) <.0001
Delta observed CAL (mm; 
mean ± SD)
−0.18	±	0.37 0.09 ± 0.30 0.33 ± 0.40 0.00 ± 0.40 <.0001
Delta predicted CAL (mm; 
mean ± SD)
−0.08	±	0.16 0.04 ± 0.13 0.17 ± 0.16 0.01 ± 0.17 <.0001
PD,	probing	depth;	CAL,	clinical	attachment	loss;	IQR,	inter-	quartile	range.
     |  23TELES ET aL.
require considerable mental effort during the examination of sites 
where the CEJ is not exposed. For those areas, the examiner must 
mentally subtract the measured distance from the free gingival mar-
gin to the CEJ from the PD (Corraini et al., 2013). In our experi-
ence, this method is not without inaccuracies and slows down the 
examination considerably. Further, the reproducibility obtained in 
CAL measures in our study compares favourably with the published 
literature, as can be ascertained by the high percentage of agree-
ment and small standard deviations achieved with the two passes 
(Supporting Information).
We arbitrarily grouped our subjects based on the number of pro-
gressing sites into “unchanged,” “transitional” and “active” subjects. 
By comparing the annual mean rate of progression for the subjects 
classified as active with historical controls (Baelum et al., 1997; Ismail 
et al., 1990; Lindhe et al., 1989a; Machtei et al., 1997; Schatzle et al., 
2001, 2003), one can observe that we were able to select subjects 
with a high annual mean rate of progression. In the classic report on 
the natural history of periodontal disease in man by Loe et al. (1986), 
the individuals identified as having rapid progression of periodontal 
disease had a mean annual rate varying from 0.10 to 1.0 mm/year. 
Among	our	 subgroup	of	active	participants,	 the	 range	was	−0.66	 to	
1.2 mm/year, and the mean was 0.35 mm/year. We interpreted these 
findings as indicative of the robustness of our criteria for selecting pro-
gressing sites and subjects.
We grouped subjects on three clinical groups based on their peri-
odontal status. These criteria were established to accept a certain 
level of CAL as compatible with periodontal health, and to secure the 
recruitment of periodontitis subjects with a more severe and general-
ized pattern of disease, increasing our chances of observing disease 
progression. The drawback of establishing our own categories of dis-
ease was that the data cannot be promptly related to well- established 
standard case definitions, such as those proposed by the CDC and 
AAP (Page & Eke 2007; Eke et al. 2012). To partially address this con-
cern, we determined the prevalence of unchanged, transitional and ac-
tive subjects in both classifications. The results were reassuring given 
that the proportions of subjects in the three categories of progression 
were similar in each clinical group across the two classifications. For 
instance, the proportion of active subjects in the severe group was 
28% and 23% for the CDC/AAP classification and our case definitions, 
respectively. These findings support the notion that our disease cate-
gories behaved similarly to those define based on CDC/AAP criteria, 
regarding susceptibility to progression.
When mean demographic and clinical parameters were compared 
across subject- level categories of progression, we observed that even 
at baseline, active subjects presented worse periodontal parameters. 
This would suggest that participants with more severe periodontal dis-
ease were more prone to progression. However, when only periodon-
titis subjects were examined, there were only minor differences across 
categories of progression at baseline. Due to a worsening of clinical 
parameters in the active group and an improvement in the unchanged 
group, by 12 months, differences in clinical parameters were statisti-
cally significant across progressing groups. These findings support the 
notion that our definition of active subjects was capable of identifying 
individuals whose periodontal condition deteriorated during the one 
year of monitoring.
Previous studies on the progression of periodontal diseases re-
ported pocketing as the primary mode of progression for individuals in 
the 45–49 age range; accounting for 73.3% of progressing sites, while 
pure recession and a combination of recession and pocketing affected 
21.7% and 5.0% of progressing sites, respectively (Schatzle et al., 
2003). In our study population, 48.7% of sites progressed through 
pocketing, 21.7% through recession and 27.8% progressed through 
a combination of both mechanisms. Direct comparisons between our 
study and previous ones are compromised by the uniqueness of our 
approach to identify progressing sites using LMMs. Previous work has 
relied primarily on changes in CAL measurements obtained in a pair of 
visits to define progression. However, our results are in accord with 
the notion that pocketing is the primary mode of periodontal disease 
progression in adults. Further, our results confirmed previous studies 
indicating that buccal sites progress mainly through recession, while 
interproximal sites deteriorate primarily through pocketing (Schatzle 
et al., 2003). Also in accord with previous literature, periodontally 
healthy subjects had a higher proportion of sites progressing through 
recession compared with periodontitis individuals (Schatzle et al., 
2003).
An important methodological difference between our study and 
the one by Schatzle et al. (2003) is that they examined data from two 
sites (mesial, buccal) per tooth in the beginning and four sites (mesial, 
buccal distal, lingual, i.e., 50% buccal/lingual, 50% interproximal) later, 
while we measured six sites per tooth (33% buccal/lingual, 67% inter-
proximal). Because interproximal sites progress mainly by pocketing, 
this difference in methodology may have impacted differences in the 
findings from the two studies.
Determining the mode of progression for progressing sites defined 
using LMMs also revealed certain limitations of this approach and a 
small percentage of progressing sites (1.7%) did not demonstrate in-
creases in either PD or recession. Close inspection of the longitudinal 
profiles of observed and predicted CAL for these eight sites, revealed 
that outliers of CAL measurements resulted in the upward trend of 
change in the predicted CAL values. Another pattern observed sug-
gested reversal of transitory changes in CAL measurements (data not 
shown).
In a previous paper, we illustrated how the LMM approach se-
lected progression sites with a lower tendency to have increases in 
CAL reverse in subsequent visits, compared to sites selected based on 
changes in CAL on a pair of visits (Teles et al., 2016). When comparing 
the number of sites classified as progressing using the LMM to those 
using thresholds of changes in CAL measurements, for the higher 
threshold	of	≥3	mm,	only	47%	of	sites	were	classified	as	progressing	
based on the LMM. The lower threshold of 2 mm to define progres-
sion resulted in even higher proportions of mismatches to the LMM 
categories of progression. As highlighted in our previous paper on the 
LMM approach, thus far, we have no means to determine with cer-
tainty which sites truly underwent progression. However, these results 
illustrate the discrepancies that would result from selecting different 
methods to define periodontal disease progression.
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In summary, the use of LMM to characterize sites and subjects 
undergoing periodontal disease progression resulted in patterns of 
progression similar to those previously described in the literature. 
However, comparisons to traditional means to determine periodontal 
disease progression resulted in considerable discrepancies between 
which sites would be defined as progressing. Improvements in the 
diagnosis of sites and subjects that experienced periodontal disease 
progression might lead to more accurate assessments of the diagnos-
tic and prognostic properties of clinical parameters and biomarkers. 
Future approaches using real- time assessment of disease activity 
based on biomarkers may improve the measurement accuracy of peri-
odontal disease progression in at- risk patients.
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